Since 2008 we used high-precision radial velocity (RV) measurements obtained with different telescopes to detect signatures of massive planets around main-sequence and evolved stars of the open cluster (OC) M67. We aimed to perform a long-term study on giant planet formation in open clusters and determine how this formation depends on stellar mass and chemical composition.
Introduction
Hot Jupiters (HJs) are defined as giant planets (M p > 0.3M Jup ) on short-period orbits (P < 10 days). They show an occurrance rate of ∼1.2% around Sun-like field stars (Wright et al. 2012; Mayor et al. 2011) . These close-in giant planets are highly unlikely to have formed in situ, and it is believed that they form beyond the snow line where solid ices are more abundant, allowing the planet cores to grow several times more massive than in the inner part of the proto-planetary disk before undergoing an inward migration. Of the mechanisms that are able to trigger migration, the two supported most often are dynamical interaction with the circumstellar disk (Goldreich & Tremaine 1980; Lin & Papaloizou 1986; Ward 1997 , type II migration) and gravitational scattering caused by other planets (Rasio & Ford 1996; Lin & Ida 1997, planet-planet scattering) . Other ideas include violent migration mechanism such as dynamical encounters with a third body (multi-body dynamical interaction). In particular, recent Nbody simulations have shown that a planetary system inside a Based on observations collected at the ESO 3.6m telescope (La Silla) , at the 1.93m telescope of the Observatoire de Haute-Provence (OHP), at the Hobby Eberly Telescope (HET), at the Telescopio Nazionale Galileo (TNG, La Palma) and at the Euler Swiss Telescope. crowded birth-environment can be strongly destabilized by stellar encounters and dynamical interaction, which also favours the formation of HJs (Davies et al. 2014; Malmberg et al. 2011; Shara et al. 2016) . Open clusters (OCs) hold great promise as laboratories in which properties of exoplanets and theories of planet formation and migration can be explored.
In Paper I (Pasquini et al. 2012) we described a radial velocity (RV) survey to detect the signature of giant planets around a sample of main-sequence (MS) and giant stars in M67. The first three planets discovered were presented in Brucalassi et al. (2014) . One goal of this project is to investigate whether and how planet formation is influenced by the environment. Recent planet search surveys in OCs support that the statistics in OCs is compatible with the field (Malavolta et al. 2016; Brucalassi et al. 2014; Meibom et al. 2013; Quinn et al. 2014 Quinn et al. , 2012 . In this work we show that for M67 the frequency of HJs is even higher than in the field.
Observations and orbital solutions
Of the 88 stars in the original M67 sample, 12 have been found to be binaries (Pasquini et al. 2012) . Two additional binaries have recently been discovered (Brucalassi et al. 2016 Yadav et al. (2008) . (b) Pietrinferni et al. (2004) and Girardi et al. (2000) .
(c) Önehag et al. (2011) . Pasquini et al. (2008) and Pace et al. (2012) . Fig. 1 . Phased RV measurements and Keplerian best fit, best-fit residuals, and bisector variation for YBP401. Black dots: HARPS measurements, red dots: SOPHIE measurements, orange dots: HARPS-N measurements.
sample therefore comprises 74 single stars (53 MS and turnoff stars and 21 giants) that are all high-probability members (from proper motion and radial velocity) of the cluster according to Yadav et al. (2008) and Sanders (1977) .
The star YBP401 shows significant indications of a HJ companion and is analysed here in detail. We also present an update of the RV measurements for the stars YBP1194 and YBP1514, for which two other HJs were announced in our previous work (Brucalassi et al. 2014) .
Basic stellar parameters (V, B − V, T eff , log g) with their uncertainties were taken from the literature. A distance modulus of 9.63±0.05 ) and a reddening of E(B-V)=0.041±0.004 (Taylor 2007) were assumed, stellar masses and radii were derived using the 4 Gyr theoretical isochrones from Pietrinferni et al. (2004) and Girardi et al. (2000) . The parameters estimated from isochrone fitting agree within the errors with the values adopted from the literature. The main characteristics of the three host stars are listed in Table 1 .
The RV measurements were carried out using the HARPS spectrograph (Mayor et al. 2003) at the ESO 3.6m telescope in high-efficiency mode (with R=90 000 and a spectral range of 378-691 nm), with the SOPHIE spectrograph (Bouchy & Sophie Team 2006) at the OHP 1.93 m telescope in high-efficiency mode (with R=40 000 and a range of 387-694 nm), with the HRS spectrograph (Tull 1998) at the Hobby Eberly Telescope (with R=60 000 and a range of 407.6-787.5 nm), and with the HARPS-N spectrograph at the TNG on La Palma of the Canary Islands HARPS, SOPHIE, and HARPS-N are provided with a similar automatic pipeline. The spectra are extracted from the detector images and cross-correlated with a numerical G2-type mask. Radial velocities are derived by fitting each resulting crosscorrelation function (CCF) with a Gaussian (Baranne et al. 1996; Pepe et al. 2002) . For the HRS, the radial velocities were computed using a series of dedicated routines based on IRAF and by cross-correlating the spectra with a G2 star template (Cappetta et al. 2012) . We used nightly observations of the RV standard star HD32923 to correct all observations for each star to the zero point of HARPS (as explained in Pasquini et al. 2012) and to take into account any instrument instability or systematic velocity shifts between runs. An additional correction was applied to the SOPHIE data to consider the low signal-to-noise ratio (S/N) of the observations (Santerne et al. 2012, see Eq. (1)).
The RV measurements of our target stars were studied by computing the Lomb-Scargle periodogram (Scargle 1982; Horne & Baliunas 1986 ) and by using a Levenberg-Marquardt analysis (Wright & Howard 2009, RVLIN) to fit Keplerian orbits to the radial velocity data. The orbital solutions were independently checked using the Yorbit program (Segransan et al. 2011 ) and a simple Markov chain Monte Carlo (MCMC) analysis (see Table 4 ). We investigated the presence and variability of chromospheric active regions in these stars by measuring the variations of the core of the Hα line with respect to the continuum, following a method similar to the one described in Pasquini & Pallavicini (1991) . The more sensitive Ca II H and K lines were not accessible because of the low S/N ratio of our observations. For each case we verified the correlation between the RVs and the bisector span of the CCF (calculated following Queloz et al. 2001) or with the full width at half maximum (FWHM) of the CCF.
YBP401. According to Yadav et al. (2008) , this F9V MS star has a membership probability of 97% and a proper motion shorter than 6 mas/yr with respect to the average. Vereshchagin et al. (2014) revised the membership list of Yadav et al. (2008) and expressed doubts about the cluster membership for YBP401. However, the RV value considered for YBP401 in Vereshchagin et al. (2014) Fig. 4 ) at 4.08 days. A Keplerian orbit was adjusted to the RV data of YBP401 (see Fig. 1 ), and the resulting orbital parameters for the planet candidate are reported in Tables 2 and 4 . We note that the non-zero eccentricity is consistent with e=0 within 2σ and the other parameters change by less than 1σ when fixing e=0. We included the eccentricity in the data analysis, which resulted in a better fit (χ 2 red ∼ 1) and in reduced RV residuals. However, more precise observations are needed to constrain small non-zero eccentricities and to avoid overinterpreting the results (see discussions in Zakamska et al. 2011; Pont et al. 2011) . The residuals have an rms amplitude of ∼13 m s −1 and the periodogram of the residuals does not show any clear periodicity when the main signal is removed (see Fig. 4 ). Neither the bisector span nor the activity index present correlations with the RV variations (see Fig. 5 ); this excludes activity-induced variations of the shape or the spectral lines as the source of the RV measurements.
YBP1194 and YBP1514. We have now collected 29 measurements for both YBP1194 and YBP1514, spanning seven years. The average RV uncertainty is ∼13.0 m s −1 for HARPS and SOPHIE, ∼26.0 m s −1 for HRS and ∼8.0 m s −1 for HARPS-N . Figures 2 and 3 show the phase-folded data points together with the best-fit solution and the residual over the time. The peak in the periodogram is more pronounced and the RV signal is better determined (see Fig. 4 ) than in Brucalassi et al. (2014) . When the planet signature is removed, the rms of the residuals is ∼12.3 m s −1 for YBP1194 and ∼14.4 m s −1 for YBP1514. We note that the resulting updated orbital parameters are consistent within the errors with the previously published data (see Tables 2 and 4) . 
Frequency of hot Jupiters in OCs
The most striking result is that with the star YBP401 we have found three HJs around 66 MS and subgiant stars in M67 (53 stars if we only consider single stars). This gives a frequency of HJs of 4.5 +4.5 −2.5 % and 5.6
+5.4 −2.6 %. These results also agree with the HJs frequency (5.5 +5.5 −2.5 %) obtained by a Monte Carlo analysis in our parallel work (Brucalassi et al. 2016 sub.) . Our values are higher than those derived from the RV surveys around FGK stars (1.2% ± 0.38 of HJs Wright et al. 2012 ). The comparison is even more striking when considering that the Kepler 1 statistics of HJs is lower, around 0.4% (Howard et al. 2011 ). However, the comparison between different samples and between simulations and observations is not trivial. The analysis of the Kepler and the RV surveys for instance use different selection criteria (radii vs. masses) and different intervals of orbital periods. Dawson & Murray-Clay (2013) showed that the discrepancy might be partially due to the different metallicity of the samples. Another effect to take into account is in the definition of the comparison samples. RV surveys are performed on pre-selected samples that have been corrected for the presence of binaries, while the Kepler statistics (and most of the simulations) refer to all FGK stars in the Cygnus field, without any previous selection for binaries. For M67 our survey sample was heavily pre-selected with the aim to eliminate all known and suspected binaries in advance. We therefore expect that when we compare our results on the whole sample (3/66 or 4.5 +4.5 −2.5 %) with the Kepler statistics (0.4%), an upper limit of the planet frequency will be provided, while the comparison of the frequency of the single-star sample (3/53 or 5.6 +5.4 −2.6 % ) is expected to compare well with the 1.2% of the radial velocity surveys because they have gone through a similar selection process. Finally, based on a HJ occurrance rate of 1.2% like for field stars, one or two additional HJs may exist in M67 with a non-negligible probability of 5%.
For several years, the lack of detected planets in OCs was in contrast with the field results, but the recent discoveries (Malavolta et al. 2016; Brucalassi et al. 2014; Meibom et al. 2013; Quinn et al. 2014 Quinn et al. , 2012 have completely changed the situation. These results are difficult to reconcile with the early survey of Paulson et al. (2004) , who did not detect any HJs around 94 G-M stars of the Hyades cluster. Since the extrapolation from non-detection to non-existence of HJs critically depends on several assumptions such as stellar noise and real measurement errors, constraints on the allocated time, number of observations per star, sampling and planet mass, we cannot state at present whether the discrepancy is real until larger surveys are performed. If we were to add the results of the RV surveys in the OCs M67, Hyades, and Praesepe, we would determine a rate of 6 out of 240 HJs per surveyed stars (including some binaries), which is a high percentage when compared to 10 out of 836 HJ per surveyed stars in the field sample of Wright et al. (2012) . We can conclude that, contrary to early reports, the frequency of HJs discovered in the three OCs subject of recent RV surveys is higher than amongst the field stars. To explain the high frequency of HJs in M67, Hyades, and Praesepe, we may argue that the frequency of HJs depends on stellar metallicity, mass, or on dynamical history, and therefore environment. The dependence of planet frequency on stellar metallicity is complex: even if established very early (Johnson et al. 2010; Udry & Santos 2007; Fischer & Valenti 2005; Santos et al. 2004 ), a real correlation seems to be present only for Jupiters around MS stars, while it does not hold for giant planets around evolved stars (Pasquini et al. 2007) or for low-mass planets (Mayor et al. 2011) . Both Hyades and Praesepe are metal rich (Pace et al. 2008; DutraFerreira et al. 2015) , and this may explain the higher frequency of HJs in these clusters, but this is not the case of M67, which has a well-established solar metallicity and abundance pattern (Randich et al. 2005) . The hypothesis that the high frequency of HJs in M67 or in OCs in general originates from the higher mass of the host star can be also excluded: the stars hosting HJs in M67 all have masses around one solar mass, which is very similar to the masses of the HJ hosts discovered in the field. A similar argument holds for the stars hosting HJs in Praesepe and in the Hyades.
Finally, environment is left as the most suitable option to explain the HJs excess. It has been suggested that dense birthenvironments such as stellar clusters can have a significant effect on the planet formation process and the resulting orbital properties of single planets or planetary systems. Close stellar fly-by or binary companions can alter the structure of any planetary system and may also trigger subsequent planet-planet scattering over very long timescales (Davies et al. 2014; Malmberg et al. 2011) . This leads to the ejection of some planets, but it also seems to favour the conditions for the formation of HJs (Shara et al. 2016) . As predicted by such mechanisms, M67 HJs show orbits with non-zero eccentricity, which is also true for the HJ found in the Hyades. The importance of the encounters is primarly determined by the local stellar density, the binary fraction, the collisional cross-section of the planetary system, and the timescale on which the planet is exposed to external perturbations. Malmberg et al. (2011) produced simulations for a cluster of 700 stars and an initial half-mass radius of 0.38 parsecs, showing that a non-negligible number of stars spend long enough as a binary system and also that the majority of the stars is affected by at least one fly-by. M67 has more than 1400 stars at present, it is dominated by a high fraction of binaries (Davenport & Sandquist 2010) after loosing at least three quarters of its original stellar mass, and has suffered mass segregation. Shara et al. (2016) have recently completed N-body simulations for a case similar to the one of M67, but with only a 10% of binaries, finding that HJs can be produced in 0.4% of cluster planetary systems when only considering initial fly-by encounters. This fraction is smaller than what we find in M67, and the influence of other migration mechanisms probably needs to be considered as well to explain our results. However, the same authors acknowledged that a higher fraction of binaries will strongly enhance the probability of HJ formation and therefore their frequency. Given that the binary fraction of M67 stars is currently very high (Pasquini et al. 2012; Mathieu et al. 1990 ) and that models show that it must also have been high at the origin (Hurley et al. 2005) , the high fraction of M67 HJs seems to qualitatively agree with the N-body simulations. The same simulations predict that after 5 Gyr the percentage of stars hosting HJs retained by the cluster is substantially higher than the percentage of stars not hosting HJs. Two factors can contribute to enhance HJ planet formation: the capability of producing HJs, and the capability of the cluster to retain stars hosting HJs. The interaction takes part well within the first Gyr of the cluster lifetime, so that the stars with HJs do not require to still have a stellar companion at the age of M67. Geller et al. (2015) Horne & Baliunas (1986) and white noise simulations. Table 4 . Orbital parameters of the planetary candidates using a simple MCMC analysis to fit Keplerian orbits to the RV data. We considered as free parameters the orbital period P, the time of transit T c , the radial velocity semi-amplitude K, the centre-of-mass velocity γ, and the orthogonal quantities √ e cos ω and √ e sin ω, where e is the eccentricity and ω is the argument of periastron. We quote the mode of the resulting parameter distributions as the final value and the 68.3% interval with equal probability density at the ±1σ bound to derive the uncertainty. T : time at periastron passage, K: semi-amplitude of the RV curve, m sin i: planetary minimum mass.
Parameters
YBP401 YBP1194 YBP1514 P [days] 4.0873
